Tuberose or Polianthes tuberosa L. is a horticultural crop of tropical origin, widely cultivated for its pleasant and intense floral fragrance in the evening. Here an investigation was made into the physiological and cell biological aspects of floral scent biosynthesis, tissue localization and emission that have not previously been examined. Volatiles collected from floral headspace were analyzed by gas chromatography-mass spectrometry (GC-MS) for identification of individual compounds and elucidation of emission patterns. Transcript accumulation and the amount of active enzyme were measured to understand the enzymatic route of scent volatile biosynthesis. Localization of scent volatiles was investigated by histochemical and ultrastructural studies. Scent emission was found to be rhythmic and nocturnal under normal day-night influence, peaking at night. Enhanced enzyme activities and transcript accumulation were recorded just prior to maximum emission. Through scanning electron microscopy (SEM) analysis, the presence of a large number of floral stomata on the adaxial surface of the tepal was revealed which might have bearing on tissue-specific emission. Guard cells of stomata responded significantly to histochemical tests, which also indicated that epidermal tissues are mostly involved in scent emission. High metabolic activity was found in epidermal layers during anthesis as shown by transmission electron microscopy (TEM) analysis. Further, new insight into the localization of scent compounds, the plausible tissue involved in their release along with the preceding ultrastructural changes at the cellular levels is presented. Finally, ultrastructural analysis of the tepal surface has been able to fill a major gap in knowledge of stomatal involvement during scent emission.
Introduction
Flowers are one of the major biotic sources of emitted scent volatiles. Though volatile organic compounds (VOCs) are of low molecular weight with low polarities and low vapor pressures, the process of volatile release also depends on the morphology, anatomy and cellular features of the floral tissue. Further, concerted changes in emission of scent volatiles during the lifespan of a flower could be either temporal or spatial, or both. In temporal regulation, flowers need to, and often do, vary scent emission during their lifespan, both in total output and in specific composition (Kolosova et al. 2001 ). The emission pattern of floral volatiles could be either rhythmic or non-rhythmic in nature. In the case of rhythmic release, flowers adopt either one of two, i.e. diurnal or nocturnal, rhythms for maximizing emission of scent volatiles. In general, petals are the main floral tissue for spatial fragrance emission, but the stamen, pistil and sepals of the calyx and nectaries can also emit specific volatiles (Baudino et al. 2007 ). In petals, scent emission occurs through the entire epidermis mostly in a diffusive manner; occasionally subepidermal layers are modified into specialized structures for more efficient diffusion of volatiles (Muhlemann et al. 2014) . In the first instance, mesophyll cells with high starch or storage content differentiate it from epidermal tissues. Epidermis without significant starch deposition allows a distinction between the production and emission layer (Effmert et al. 2005) . Later investigations revealed the presence of a multilayered glandular structure called the osmophore; such scent-emitting epithelium modifications are quite frequently observed in the Orchidaceae family (Vogel 1962) . Epithelium modifications also include floral stomata and trichomes. Emission of volatiles through stomata had been reported in leaves of Pinaceae and Fabaceae (Niinemets et al. 2002) . However, involvement of the floral stoma as the sole volatile-emitting organ is still a topic of controversy and needs further clarification.
Although the reproductive success of angiosperms in many instances depends on floral scent production, the biosynthesis of precursors for formation of floral volatiles is regulated through physiological processes (Dudareva et al. 2013 ). This aspect of floral volatile biology has attracted researchers to study their biosynthesis, emission physiology and regulation (Kolosova et al. 2001 , Cheng et al. 2016 . A useful model for research on floral scent production and emission is Polianthes tuberosa L. Due to its sweet-smelling floral fragrance, this Amaryllidaceae species is cultivated in the tropics and subtropics at commercial scale for post-harvest applications, especially as cut flowers. Because of their long vase life, the intensely fragrant floral terminal spike of P. tuberosa are used as a biotic source for indoor fragrance especially during summer evenings. In addition, floral wax and essential oils of P. tuberosa are in high demand for the production of expensive perfumes and cosmetics. As in many other flowers, the scent volatile compounds of P. tuberosa fall into three major categories, phenylpropanoids/benzenoids, terpenoids and fatty acid derivatives (Maiti et al. 2014) . Often, the last steps in the pathways of VOC biosynthesis promote volatility typically through the formation of esters due to acylations or methylations. An example of this is the emitted volatiles of full bloomed P. tuberosa flowers, which are dominated by benzyl benzoate, methyl benzoate, benzyl salicylate and methyl salicylate. Although the molecular process underlying scent biosynthesis in flowers is partially understood, information about the cell specificity of floral fragrance production is scant, particularly in P. tuberosa. Furthermore, the ultrastructural biology at the cellular level during floral volatile emission has also remained understudied. Scent volatiles need to be trafficked across the cell membrane, the cell wall and the cuticle layer before they are emitted (Widhalm et al. 2015) . As P. tuberosa flowers persist on the inflorescence spike for almost 3-4 d and emit a considerable intensity of scent volatiles, it was anticipated that flowers of P. tuberosa could serve as a model to study the formation and emission of floral scents throughout the floral lifespan.
Virtually no study has been conducted on the localization and spatial arrangement of scent emission in P. tuberosa flowers. No surface ultrastructural study of the osmophore or site of volatile emission has yet been undertaken; no histochemical analyses were performed with P. tuberosa flowers for determining cell specificity in terms of scent accumulation. Here we report the scent emission pattern of P. tuberosa with special emphasis on the localization of scent-emitting floral tissues along with their morphological and anatomical ultrastructure. Our earlier study identified approximately 57 floral volatiles as revealed from emitted floral volatilome analysis (Maiti and Mitra, unpublished data) . However, spatial distribution as well as temporal patterns of scent volatile emission throughout the floral lifespan remained unexplored in P. tuberosa. Therefore, we set out to document the spatio-temporal variation of floral volatiles in P. tuberosa cv. Calcutta Single by measuring: (i) any changes in volatile emission throughout the floral lifespan; (ii) diel patterns of P. tuberosa floral volatile emissions to verify if scent emission is rhythmic in nature; (iii) spatial/tissue-specific differentiation of floral volatiles; (iv) expression patterns of two candidate genes of early steps of scent volatile biosynthesis; and (v) the in vitro activities of the two final enzymes that catalyze the synthesis of benzenoid and terpenoid volatiles. In addition, we performed histochemical tests to detect the localization of volatile-emitting areas in floral tissue. We further studied the ultrastructure of the tepal surface morphology through scanning electron microscopy (SEM) to identify any specialized morphological structure that might have a bearing on emission of floral volatiles. Finally, transmission electron microscopy (TEM) of P. tuberosa flowers was conducted to examine any changes in the ultrastructure of various cellular organelles at different stages of the floral lifespan that would be appropriate for emitting volatiles from tepal cells.
Results

Variation of emission of scent volatiles throughout the floral lifespan
The volatile emission of whole flowers of P. tuberosa was monitored over 5 d at 6 h intervals (Fig. 1) . The composition of emitted volatiles throughout the floral lifespan consisted of a range of chemical compounds, dominated by aromatics (phenylpropanoids/benzenoids) followed by aliphatics (fatty acid derivatives), especially at the bud stage (S1) (Fig. 1A) . A gradual increase in emission of scent volatiles was noted from stage S1 to S2, followed by a decrease at stage S3, with emission ceasing completely at stage S4. Throughout the floral lifespan, it was observed that the intensity of emission of phenylpropanoid/ benzenoid volatiles reached its maximum just after anthesis (the time point indicated in red font in Fig. 1B ). Among the volatiles identified from floral buds, benzyl benzoate, methyl benzoate and tetradecane were found to be the dominating compounds (data not shown), thus indicating the involvement of both benzenoid and lipoxygenase pathways. The monoterpenes also constituted a tiny portion of the volatiles in the bud bouquet. Flowers of P. tuberosa at the anthesis stage (S2) produced the widest diversity of emitted volatiles, when compared with the static emissions from S1 and S3. Flowers emitted mostly irregular terpenes, along with benzenoids and fatty acid derivatives at S3. Among the volatiles, emission of the terpenoid 1,8-cineole, farnesene and farnesol was noted. Fatty acid derivatives constitute the third miost abundant group of floral volatiles in P. tuberosa; these include undecane, nonanal, decanal, dodecane and tetradecane.
The data also revealed the daily emission pattern along with changes in emission intensity throughout the floral lifespan (Fig. 1B) . The scent emission was found to be highly variable throughout the day and night time period. Higher emission was found during the night when compared with the daytime (12.00 p.m.); the emission reached its maximum when the flower remained fully open, i.e. at stage S2. A gradual decline in emission was noticed as the flower entered the senescence stage at S5. All the benzenoids, terpenoids and fatty acid derivatives showed a rhythmic pattern of emission during the entire developmental period of the P. tuberosa flower.
Temporal emission pattern of major scent volatiles in P. tuberosa flower Flowers of P. tuberosa emit volatile compounds during the night. At selected time points, volatiles were collected at 3 h intervals during five consecutive days from pre-anthesis, anthesis to post-anthesis, and analyzed by gas chromatography-mass spectromery (GC-MS) to check whether volatile emission of P. tuberosa is constant, rhythmic or haphazard. Major volatile compounds identified in the headspace of a single flower reached their maximum levels during the evening up to midnight (6.00 p.m. to 12.00 a.m.). Thus P. tuberosa flowers displayed nocturnal temporal emission with significant variations in their emitting intensities. In a preliminary study, rhythmic emission of a few major benzenoids, i.e. benzyl benzoate, benzyl salicylate, methyl benzoate and methyl salicylate, was monitored. Among these compounds, levels of benzyl benzoate and benzyl salicylate emission reached their maximum on the day of anthesis, continued to be emitted for the next three consecutive days of post-anthesis and declined thereafter ( Fig. 2A, B) . Both of these benzenoids were found to be emitted mainly during early to late evening (6.00 p.m. to 12.00 a.m.) and peaked at a maximum at 0 h (time of anthesis). Methyl benzoate also showed a similar pattern of emission, peaking at a maximum at 3 h after anthesis. Significant emission was found during the pre-anthesis period (Fig. 2C) . Interestingly, methyl salicylate peaked during the 6 h before anthesis, i.e. between 12.00 p.m. and 3.00 p.m. (according to clock time) (Fig. 2D) ), almost 5.5-fold lower than benzyl benzoate. All the benzenoids was detected at the bud stage, i.e. 1 d or even 2 d before anthesis, at stage S1.
Among all terpenes, a remarkable rhythmic emission of 1,8-cineole was observed. It peaked at S2, mostly after midnight at around 12.00 a.m. to 3.00 a.m., i.e. 6 h after anthesis. Thereafter, a gradual decrease in the emission intensity was noticed that continued until the initiation of flower senescence. Maximum intensity was found as 176 ng g FW À1 h À1 (Fig. 2E) . Another monoterpene, geraniol, was found to be emitted mostly during anthesis along with benzenoids (data not shown). Farnesene, a sesquiterpene, also showed maximum emission during anthesis (data not shown).
Tissue-specific scent volatile emission in P. tuberosa flower
The flower of P. tuberosa is a complete flower but not a perfect one as its floral body mostly consists of perianth, i.e. it is composed of a fused calyx and corolla (Fig. 3A) . Tepal teeth are arranged in a closed valvate pattern (aestivation) maintaining two whorls, namely the proximal/inner whorl (three tepals) and distal/outer whorl (three tepals) (Fig. 3B) . The gynoecium is epigynous and its greenish ovary is to some extent fused with the perianth at the bottom. The androecium is epitepalous, i.e. its filament portion is attached to the tepal. These three main parts were separated carefully from P. tuberosa flower, and headspace analyses were performed to confirm the major scent-emitting floral portion (Fig. 3C) . It was clearly found that petaloid tepals emitted most of the scent volatiles rather than other floral parts. As revealed by GC-MS analysis, the proximal tepal was found to emit more volatiles than the distal tepal. Only aliphatics were found in the emissions of the androecium and gynoecium (Fig.  3D) . To determine whether both the tepal surfaces were involved in emission of volatiles, trapping experiments were carried out from both the abaxial and adaxial epidermal layers using solid phase microextraction (SPME; Fig. 3E, F) . It was revealed that the adaxial tepal surface emitted a higher amount of volatiles than the abaxial surface (Fig. 3G) . Activities of benzoyl-CoA:benzyl alcohol benzoyl transferase (BEBT) and monoterpene synthase (TPS)-the final enzymes of volatile benzenoid and terpenoid pathways Volatiles of tuberose flower are mainly dominated by benzenoid compounds. Benzyl benzoate was found to be the most abundant VOC in P. tuberosa upon floral headspace analysis. Therefore, the time-course of BEBT activity was measured throughout the floral lifespan. Though a rhythmic activity was noticed, BEBT activity peaked maximally around the time of anthesis, i.e. at 0 h (Fig. 4A) . The activity remained high for a further 3 h after anthesis and then decreased.
Most of the monoterpenes are produced via the plastidial methyl erythritol phosphate (MEP) pathway including 1,8-cineole, which was detected as one of the major terpenoids in the floral scent of P. tuberosa. Therefore, TPS activity was measured in vitro using clarified tepal extract as the crude source of protein. Variations in the levels of TPS activity were also noticed throughout the floral lifespan. Maximum activity was detected on the day of anthesis (S2), i.e. after 6 h of anther dehiscence, which continues up to stage S3 (Fig. 4B ).
Expression of PAL and DXR, the early genes of phenylpropanoid/benzenoid and terpenoid pathways Using degenerate primers, core cDNA fragments were isolated by reverse transcription-PCR (RT-PCR). The amplified product showed bands of the expected size, i.e. 432, 287 and 267 kb, indicating the tentative presence of PAL (phenylalanine ammonia-lyase), DXR (1-deoxy-D-xylulose 5-phosphate reductoisomerase) and Actin genes, respectively ( Supplementary Fig. S1 ). After sequencing, a comparison of the predicted amino acid sequences of the products of those genes with related proteins available in the public database was carried out and significant similarities were obtained (data not shown). Those confirmed sequences, i.e. PtPAL (GenBank accession No. KY305466), PtDXR (GenBank accession No. KY305464) and PtActin (GenBank accession No. KY427057) were used for further transcript expression study.
Scent volatiles of P. tuberosa were dominated by benzenoids, a product of the phenylpropanoid pathway. PAL is the key candidate enzyme for the phenylpropanoid pathway. Hence, the transcript level of this enzyme was investigated by using semi-quantitative RT-PCR. After PCR amplification by PtPAL gene-specific primers, different cDNAs at different time points gave different band intensities in an agarose gel. The relative accumulation of transcripts of the PAL gene was detected in all the developmental stages, but their levels reached a maximum at the day of anthesis and remained high from 3 h before anthesis to 3 h after anthesis. The highest intensity was obtained at around 0 h (Fig. 5A ). Gene expression was also detected during the daytime at 9 h before anthesis. The expression pattern of PtDXR transcript was slightly different. When compared with PAL, the level of expression of DXR was found to be consistent in all the developmental stages and at almost all time points. Maximum expression was detected at two points, i.e. 3 h before and 6 h after anthesis, revealing the resemblance to the subsequent emission of volatiles. Significant relative intensity was noticed up to 2 d post-anthesis (Fig. 5B ).
Histochemical studies with neutral red
Neutral red was used to locate putative osmophores or scentemitting areas. After 6-8 h of incubation in neutral red solution, a very low amount of stain was observed in the bud and freshly opened flower. It was found that proximal tepals including both the abaxial and adaxial surfaces were stained more with neutral red (Fig. 6A) . During budding or in the pre-anthesis stage, it was observed that among the six tepal teeth, three are inner (proximal tepal) and the other three are outer (distal tepal) in position (Fig. 6B) . Interestingly, distal tepals did not show a significant stained area. In petaloid tepal areas at all the developmental stages, differential stain retention capacities between proximal and distal tepal were maintained. The tubular portion of the perianth took up light stain in late developmental stages. The peeled epidermal layer showed stained stomata with pinkish guard cells under a light microscope (Fig. 6C ).
Histo-localization of floral volatiles using light microscopy
In order to localize accumulation of scent volatiles in the tepal cell, several different stains were used. Sudan red was used to detect lipid localization in the flower. It was found that mostly the epidermal and a layer of subepidermal cells along with stomatal guard cells stained positively with Sudan red (Fig. 6D) . In particular, the area adjacent to stomatal apertures took up a reddish orange tinge. Interestingly, it was observed that some aggregated stained lipid material in subsidiary and neighboring cells were found to approach the stomata (Fig. 6D) .
VOCs of P. tuberosa flower are constituted mostly by benzenoids (as shown earlier); regrettably these cannot be observed through histochemical methods. Terpenes were also components of volatiles and could be localized histochemically by NaDi reagent. The adaxial subepidermal layers of the flower were found to be stained with NaDi reagent (Fig. 6E) . Staining of tepals with NaDi revealed stained stomata; even stomatal apertures were shown to take up NaDi stain (Fig. 6E) . Toluidine blue stained mostly the adaxial periphery of tepals. Stomata with bluish apertures were observed (Fig. 6F) . This might be an indication of high metabolic activity.
The organization and anatomy of the floral parts were studied at different developmental stages, i.e. pre-to post-anthesis periods. The epidermis of the entire perianth is uniseriate (Fig. 6G) . The cross-sections of tepals revealed well-defined single-layered adaxial and abaxial epidermis followed by loosely arranged subepidermal cells (Fig. 6H, I ). Epidermal cells showed dense cytoplasm with scant vacuoles during the bud stage, i.e. before 1 d of anthesis (Fig. 6G) . During the daytime (before 6 h of anthesis), a rise in vacuole formation was observed within dense cytoplasm (Fig. 6H) . During the anthesis period, large vacuole(s) were found in both adaxial and abaxial epidermal cells (Fig. 6I, J) . The epidermis and vascular bundles were found to be intact until the onset of senescence (data not shown).
Ultrastructural study of tepal maturity in the context of scent emission SEM photographs revealed the presence of floral stomata (Fig. 7) . These stomata were localized mostly on the adaxial surface of the tepal teeth (Fig. 7B-D) . The abaxial surface showed a lower number of stomata (Fig. 7A) . The surfaces of both the tepal tube and transition zone were found to have very few or no stomatal structures (not shown). It was also revealed that these stomata are not embedded in the epidermis, but showed inceased appearances (Fig. 7D) . In the case of Fig. 4 Time-course changes of the amount of active proteins (in terms of their in vitro enzyme activities) of two downstream enzymes from phenylpropanoid/benzenoid and terpenoid pathways contributing to floral scent production in P. tuberosa. Activities of benzoyl-CoA:benzyl alcohol benzoyl transferase (BEBT) and monoterpene synthase (TPS) are represented in (A) and (B), respectively. The substrates used and products detected via GC-MS analysis for the above enzymes are also shown in boxes placed next to each time-course analysis. Yellow and green shading in the clock time on the x-axis indicate bud stage (pre-anthesis) and bloom stage (post-anthesis), respectively. Activities were monitored in flowers at 3 h intervals from stage S1 to S4 under a normal day-night cycle (n = 5). The flower remained at the bud stage before 0 h for a long time. The dark period was started between 6.30 p.m. to 7.00 p.m., and anthesis took place at around 6.00 p.m. The red mark denotes the exact anthesis time point (0 h). Mean values are significantly different at the P 0.05 level. BAlc, benzyl alcohol, B-CoA, benzoyl-CoA; GPP, geranyl pyrophosphate. the gynoecium and androecium, modifications of neither stomata nor the osmophore or any other tissue were found (not shown).
TEM analysis was also carried out throughout the floral lifespan. At S1, cells at the bud stage showed dense cytoplasm with small vacuoles (Fig. 8A) . Rough endoplasmic reticulum (RER) and cisternae of smooth endoplasmic reticulum (SER) along with plastids were visualized (not shown). TEM observation of floral samples collected before 6 h of anthesis showed 2-3 large central vacuoles in epidermal cells (Fig. 8B) . The number of mitochondria seemed to be increased, among which a few were observed in the parietal position. At 2 h before anthesis, TEM studies of tepal cells revealed certain features of scent-emitting floral cells (Fig. 8C, D) . Much of the cell volume was occupied by a central vacuole, and the cytoplasm was visible as a parietal layer. At this time point, most of the amyloplasts contained large starch grains, especially in the epidermal cells of proximal tepals (Fig. 8C) . Distinct variation between the epidermal cells of distal and proximal tepals was observed. Unlike the proximal tepal, the presence of enlarged amyloplast with huge starch inclusions or a profuse number of parietal organelles were not noticed in the distal tepal epidermal cells (Fig. 8D) . During anthesis (S2), a large, single central vacuole with a parietal organelle was observed (Fig. 8E) . Near plasmalemma, numerous spherical mitochondria were found; mitochondrial association with plastids was also observed (Fig. 8E) . A concomitant increase in the number of mitochondria suggests greater metabolic activity by this expanded surface area for energy transformation (Fig. 8E inset) . Cells at S2 showed a reduction of stromatal density. The size of starch grains became reduced and a lacuna started to form near the starch grains in plastids which were found to be associated with mitochondria (Fig. 8F) . At the post-anthesis stage (S4) amyloplasts with plastoglobuli were observed and oil droplets in the cytoplasm were abundant, especially in proximal tepal cells (Fig. 8G) . Distal tepals cells also showed the presence of plastoglobuli inside the plastids (Fig. 8H) . However, oval or cup-shaped plastids were found in abundance with dense stroma and osmiophilic inclusions along with SER (not shown). At the S5 stage, cells with many small vacuoles were observed (not shown). Throughout all the developmental stages, neither any secretory bubble nor any lipid globule was noticed on the surface of cuticles or epidermal cells. 
Discussion
This study on emission of floral scent volatiles in P. tuberosa revealed spatio-temporal variation throughout the floral lifespan. The emission pattern of scent volatiles usually changes with floral developmental stages to maintain a regulated output along with a specific composition. A significant rise in nocturnal emission of benzenoids such as benzyl benzoate, methyl benzoate, methyl salicylate and benzyl salicylate was found; these were the most prominent scent volatile components from the floral headspace of P. tuberosa under in situ conditions just after anthesis. A similar rhythmic rise was also evidenced for terpenoid volatiles such as 1,8-cineole from petaloid tepals. It has been reported that flowers display such a rhythmic pattern of emission to conserve valuable carbon and energy during the time of the day when their primary pollinators may be at the inactive stage (Muhlemann et al. 2014) . Moreover, the abundance of aliphatic hydrocarbons (e.g. tridecane, pentadecane and heptadecane), in particular as found in emission of the anther and pistil in P. tuberosa, is indicative of beetle pollination (Dobson et al. 2006 ).
An idea of the metabolic pathways that contribute to floral scent production in P. tuberosa was also necessary for understanding the regulation of the emission of scent volatiles. Expression analysis of representative genes within the floral volatile benzenoid/phenylpropanoid pathway might provide key insights into the mechanism of scent emission. These volatiles oscillate nocturnally over the course of several days in P. tuberosa flowers. Expression of PtPAL showed a nocturnal rhythmic pattern. It was observed that the level of PtPAL gene expression was gradually increased from pre-anthesis to anthesis and then declined after 2 d post-anthesis. Low expression of PtPAL during mid-day might be related to low benzenoid emission as also observed in Petunia hybrida flowers (Kolosova et al. 2001) . A rise in PAL gene expression was also described for the emission of other floral volatiles (Verdonk et al. 2003 , Bera et al. 2017 . BEBT is a downstream enzyme of the benzenoid pathway that exhibited robust oscillation to maintain nocturnal emission of benzyl benzoate, the major dominating compound among all emitted volatiles found in the P. tuberosa floral headspace. Oscillation of BEBT activity strongly co-ordinated with benzyl benzoate emission, and that pattern was present throughout the lifespan of the flower until the start of senescence. Such alternations of acyltransferase activities were also reported in connection with the emission of other floral benzenoid esters such as benzyl acetate from Clarkia breweri (Dudareva et al. 1998 ) and Jasminum sambac (Bera et al. 2017 ) and benzyl benzoate in C. breweri (D'Auria et al. 2002) and P. hybrida (Boatright et al. 2004) .
In plants, the plastidial MEP pathway mainly involved in monoterpene production is regulated by both 1-deoxy-D-xylulose-5-phosphate synthase (DXS) and DXR. Therefore, detailed time-course analysis of DXR transcript accumulation was performed in the whole flower of P. tuberosa from stages S1 to S4. Throughout the floral lifespan, PtDXR transcript expression showed a significant up-regulation at two time points, i.e. about 3 h before and 6 h after anthesis time (i.e. 0 h). These changes in DXR expression patterns agreed well with the sudden changes in the emission pattern during anthesis and at midnight as evidenced from the 1,8-cineole emission pattern. Furthermore, the levels of TPS activity throughout the floral lifespan of P. tuberosa were also positively correlated with the emission rates of 1,8-cineole (see Figs. 2E, 4B ). In J. sambac flowers, a similar TPS-modulated linalool emission was also exhibited (Bera et al. 2017 ).
The petal was described as a better scent-releasing floral part than the androecium or gynoecium . In Mirabilis jalapa flowers, the highest volatile emission was observed in the petaloid tepal zone (Effmert et al. 2005) . In P. tuberosa, we also observed that petaloid tepals released the most diverse mixture of volatiles, unlike stamens and pistils that only emit fatty acid derivatives. A higher amount of volatiles was emitted from P. tuberosa proximal tepals, especially from the adaxial surface. An analogous situation was also reported in a member of the Amaryllidaceae Narcissus jonquilla, where the paracorolla or inner corolla was shown to release the maximum amount of floral volatiles (Vogel 1962) . A large number of stomata or osmophores were very often observed in the adaxial surface of tepals; proximity to reproductive parts perhaps justifies their localization in the tepals (Hadacek and Weber 2002) .
To obtain further information about the localization of areas of volatile emission, neutral red staining was carried out with detached flowers of P. tuberosa. Retention of this stain by intact floral tissue upon selective uptake was suggestive of an indication for an osmophore (Vogel 1962) or the site of scent emission (Effmert et al. 2005) . The increased permeability of the epidermal cell wall and storage capacity of the vacuole were presumably responsible for the retention of the stain. As cell vacuoles are acidic in pH, cationic neutral red molecules upon entry into the vacuole get trapped there easily through nonionic diffusion, and are retained there . Even with a prolonged staining time, it was observed that only stomatal guard cells and a few epidermal cells retained the stain in tepal tissue, which suggests the possible sites of scent volatiles emission (Fig. 6C) . The occurrence of mild neutral red staining might be due to the thick waxy cuticle, which could prevent the entry of neutral red into the cell from the epidermal surface .
Further histochemical tests were performed to determine the localization of scent emission. The reaction with Sudan red showed a high density of lipid globules in epidermal cells of tepals and stained stomatal guard cells. It was clear that lipophilic substances were accumulated mainly in the epidermis and finally emitted through the stomata (Fig. 6D) . It can be argued that diffusion might have taken place from the surface of the epidermis, though no such expected diffusive stained particle was revealed in the cross-sectional view of tepals (not shown). Terpenes are usually difficult to distinguish from lipids in histological studies. NaDi reagent is the only available stain used in cytochemical studies to locate oil droplets containing terpenes , Gonçalves-Souza et al. 2017 . We were able to show a characteristic bluish-purple stain inside the guard cells near the wall of the stomatal aperture in P. tuberosa tepal epidermal cells (Fig. 6E) . When lipophilic droplets contain terpenes, they are stained blue or purple with NaDi reagent (Caissard et al. 2006) . No emerging terpene droplets were detected on the outside of the epidermis. A similar observation was found with toluidine blue staining, i.e. mostly the adaxial epidermal cells and stomatal guard cells retain the stain. Thus, all the above-described histochemical tests showed the nature of stained substances that were found mostly in epidermal cells and stomatal guard cells. Though P. tuberosa flowers possess waxy cuticles all over the perianth, it is conceivable that volatiles could be emitted through the cuticle. The floral cuticle may not provide resistance to diffusion of volatiles, as reported in Antirrhinum majus, where the petal cuticle showed similar features to those found in other tissues that are assumed to permit rapid volatile emission (Goodwin et al. 2003) . In our study, no stained particle was found to be secreted from the epidermis or cuticles. Moreover, we observed lipidic particles inside the neighboring cells of stomata, and an apparent approach of these stained particles towards the stomata was noticed (Fig. 6D) . Interestingly, in each case, stomatal guard cells along with the adjacent area of the stomatal aperture took up stain. However, limited information is available about the actual route of volatile transport from cell to cell and from cells to the plant surface (Caissard et al. 2004) .
Are floral stomata involved in the release of the floral fragrance of P. tuberosa? To check if floral stomata play any role in scent emission, the surface morphology of petaloid tepals was studied using SEM. The adaxial epidermis appeared almost flat, made up of an irregular cell pattern. The abaxial epidermis appeared even more flat with waxy wrinkles. Elevated stomata were observed on both surfaces of petaloid tepals; surprisingly, the stomatal density was much lower on the abaxial side. Such a feature was entirely absent in vegetative stomata. It was suggested that adaxial stomata are involved in releasing the volatiles that might guide pollinators inside the flower; the abaxial stomata could play a role in gaseous exchange necessary for high metabolic activity during volatile production (Effmert et al. 2005) . The stomatal morphology of P. tuberosa showed a certain similarity to the floral stomata of a member of the Nyctaginaceae, M. jalapa (Effmert et al. 2005) . As argued by Singh et al. (2013) , it is conceivable that the elevated appearance of floral stomata could be a specialized modification of vegetative stomata for efficient scent emission. Further, the adaxial stomata of the inner whorl were found in the fully opened state mostly at night, while during the daytime stomata remained partially opened or fully closed (not shown).
A high cytoplasmic density of the epidermal cells was an indication of localization of emission (Melo et al. 2010) . Epidermal cells showed high metabolic activity during anthesis (S2) as revealed by TEM analysis. A distended cuticle was observed outside the cells at the full bloomed stage. A decrease in water potential due to starch hydrolysis during scent emission permitted the entry of water inside the cell for retention, which subsequently resulted in cell expansion leading to distended cuticle formation (Evans and Reid 1988) . The proximal tepals usually showed higher metabolic activity, which in turn prolonged the volatile emission by a lower expenditure of energy.
TEM analysis in the present study also supported the above hypothesis. During the anthesis stage, the cells were found to be occupied by a large vacuole with a parietal cytoplasm. It has been reported that during the secretory process, all the vacuoles expanded and fused to form a central vacuole, which subsequently was diminished by the end of secretion (Paiva 2016) . A model proposed by Pavia (2016) explained the role of vacuoles in the secretory cycle-presumably to facilitate intracellular transport and also to build up hydrostatic pressure for release of the secretion products. An abundance of mitochondria was observed in the cells at the anthesis stage in P. tuberosa, which indicates their requirement for elevated energetic demands during the secretory process. Throughout the floral lifespan of P. tuberosa, we observed major changes in the size and shape of plastids. The plastids noted in the pre-anthesis stage contained a lower amount of starch, which had been replaced by numerous large amyloplasts in later stages. Epidermal and subjacent cells of a fully open flower during volatile emission contained a high amount of either starch or partly hydrolyzed starch inside the amyloplast. Larger starch grains in amyloplasts were observed in P. tuberosa, especially in the epidermal cells of the proximal tepal that emit a higher amount of volatiles than the distal tepal. A number of investigations have indicated that osmophores consume an ample amount of starch for the synthesis of volatile substances (Vogel 1962) . Starch molecules that serve as a source of energy for metabolic processes were shown to be hydrolyzed during any emission or secretion process. This phenomenon was reported in plastids of many orchids and other vascular plants (Razem and Davis 1999, Stpiczyńska et al. 2005) . When the secretion was at the highest level, the plastids within the secretory cells were found to be comprised of both starch and numerous plastoglobuli, as reported from an orchid, Hexisea imbricate (Stpiczyńska et al. 2005) . In P. tuberosa, there was also a clear indication that the secretion/emission was at a lower level at pre-or post-anthesis stages than at the anthesis stage. Further, as observed by Stpiczyńska et al. (2005) in H. imbricate, we also noticed in P. tuberosa that a number of plastids had acquired a polymorphic shape, indicative of starch reduction, particularly after anthesis. In the postanthesis stages, depletion of starch and concomitant increase in the number of plastoglobuli within the plastids along with lipid bodies in the cytoplasm was revealed in P. tuberosa flowers. The presence of such lipid bodies in the cytosol was also reported in Anacamptis pyramidalis in connection with osmophoremediated emission of volatiles (Kowalkowska et al. 2012) . Very recently it has been reported that the presence of plastoglobuli can be considered as evidence of terpene production in Philodendron adamantinum (Gonçalves-Souza et al. 2017) .
A popular model of the secretion pathway (emphasizing mainly the nectar) involves the endoplasmic reticulum or dictyosomes, and their fusion with plasmalemma to release the substance to the exterior (Fahn 1988 , Stpiczyńska et al. 2005 . Such a granulocrine type of secretion is very common in secretory cells of orchids, such as A. pyramidalis (Kowalkowska et al. 2012) . However, we suggest that the secretion procedure for volatile release in P. tuberosa flowers occurs by an eccrine process as no vesicular structures were visible under TEM (Fig. 9) . It is interesting to note that a similar mechanism of volatile secretion from the osmophore was also proposed in Acianthera prolifera, where emission seemed to be associated with the presence of stomata (Melo et al. 2010) . It has recently been established that passage of floral volatiles across the plasma membrane relies on active transport mediated by an ATP- Fig. 9 A proposed mechanistic model of emission of floral scent volatiles in petaloid tepal tissue of P. tuberosa. Schematic diagrams highlight the major changes at the cellular level during the process of scent emission. Changes in the volume of vacuoles facilitate the release of scent volatiles through the stomata. At stage S1, fewer numbers of cellular organelles are involved, leading to low scent emission. During the anthesis (S2) stage, formation of large central vacuoles and a concomitant increase of other organelles (mitochondria, plastids, etc.) are visualized. These substances exert pressure on the protoplast resulting in parietal orientation. It is hypothesized that floral stomata located mostly in the adaxial surface of petaloid tepals may take part in the release of scent volatiles through some unknown membrane-associated paths. Such a path localized at the plasma membrane may actually be an eccrine transporter which is activated by an ion gradient or active energy by some unknown mechanism. S1-S6, successive stages of the emission process throughout the floral lifespan of P. tuberosa.
binding cassette (ABC) transporter, PhABCG1, as demonstrated in P. hybrida (Adebesin et al. 2017 ). This study validates our hypothesis on an eccrine mode of volatile emission in P. tuberosa flowers. In P. tuberosa, numerous plastids with starch grains in tepal epidermal cells along with abundant mitochondria were also suggestive of an energy-requiring eccrine process of volatile emission as essentially reported in Hymena stigonocarpa flowers (Paiva and Machado 2008) .
How does emission of volatile compound takes place? It may be either through the cuticle or via the stomata. There were no pores, cracks or secretory bubbles observed on the epidermal epithelial cells or cuticle in P. tuberosa flowers. Without any rupture, diffusion can, however, take place through the cuticle as proposed recently by Paiva (2016) . We propose that emission of volatile compounds in P. tuberosa seems to be associated with the stomata that were frequently observed on the surface of the tepal. Observations from morphology, histology and cell ultrastructure of P. tuberosa flowers from different developmental stages provided evidence to suggest that stomata are principally involved in volatile emission for this flower (Fig. 9) . As scent emission in P. tuberosa occurs mostly at night, a connection between floral scent release and floral stomatal opening could not be immediately dismissed. It is plausible that such floral stomata and a rhythmic nocturnal volatile emission pattern are apomorphic features developed during convergent evolution of P. tuberosa. During the course of its journey to adapt from wild to domestic habitats, the plant might have struggled to save its energy and strategically started utilizing stomata for bimodal functions, i.e. gaseous exchange and scent emission. The possibility of diffuse emission throughout the tepal surface may not be happening as revealed by histochemical observations and TEM analysis. A detailed cellular immunolocalization study of selectedenzymescatalyzingtheformationofvolatilesmaycast further light on the regulation process of floral scent emission of P. tuberosa.
In conclusion, the chemical profile of floral scent in P. tuberosa was dominated by benzenoid volatiles followed by other aromatics, terpenoids, aliphatics and nitrogen-containing compounds. Diel variation of floral volatiles indicated their rhythmic pattern of nocturnal emission. The diel pattern of scent emission was shown to correlate well with preceding transcript accumulation of a few early pathway genes and also with the amount of active late enzymes (in term of their in vitro activities) catalyzing the synthesis of benzenoid and terpenoid volatiles. The connections between localization of volatiles, their subsequent emission and the prior ultrastructural changes in the tepal cell were shown here for the first time, and are likely to contribute in creating a holistic hypothesis of floral scent emission. We predict that future research will uncover additional insight on the regulation of emission of scent volatiles in this widely cultivated horticultural crop upon identification of the complete pathways at the molecular genetic level for industrial exploitation.
Materials and Methods
Plant material
Bulbs of P. tuberosa cv. Calcutta Single were collected from the AgroHorticultural Society of India (Kolkata), and were grown in the experimental garden of the department as described in a previous publication from this research group (Bera et al. 2017 ).
Time-course of in situ collection of floral headspace volatiles
The headspace collection of scent volatiles was done as described before with P. tuberosa flowers (Maiti et al. 2014 ). The volatile emission was monitored for five consecutive days from pre-anthesis to post-anthesis. The sampling was done at 6 h time intervals to cover the emission pattern throughout the floral lifespan. For monitoring the temporal emission pattern of a particular compound in the volatile mixture, headspace sampling was done at up to eight time points with an interval of 3 h during a 24 h period of day-night emission (Raguso and Pellmyr 1998) . For all sampling periods, we also collected volatile samples in duplicate from ambient air and vegetative organs to distinguish floral compounds from background contaminants. The floral lifespan of P. tuberosa was divided into six stages as reported in the literature for Osmanthus fragrans (Zou et al. 2014 ) ( Table 1 ). To detect any weather effect on compositional differences on floral volatiles, we carried out headspace sampling in April for four consecutive years, 2013-2016.
Collection of volatiles from different floral parts
To determine scent emission from different floral parts, flowers were collected at the time of maximum volatile release. The flower was immediately dissected into five parts, i.e. petaloid tepals, transition zone, tube, gynoecium and androecium, and placed individually into a separate floral headspace to trap volatiles for a duration of 30 min. Petaloid tepals were further dissected into outer (distal) and inner (proximal) tepals, which were trapped separately in a similar headspace system. All samplings were made at the same hour of the day (6.00 p.m.) to minimize the effects of rhythmic emissions. An SPME fiber (Supelco, polydimethylsiloxane/divinylbenzene coating, diameter 65 mm) was used to trap volatiles from two different sides of the tepals, i.e. abaxial and adaxial. The fiber was pre-heated at 250 C for 15 min in splitless mode of the gas chromatograph. This pre-treated fiber was then inserted through the small hole of a micropipette (1 ml volume) tip; the other side of the micropipette containing a wider hole was placed separately above the abaxial and adaxial tepal surfaces following the procedure of Bergougnoux et al. (2007) . Fibers were then heated at 260 C for 2 min in the gas chromatograph inlet chamber to desorb the adsorbed volatiles into the gas chromatograph column. The device without tepals was also trapped and checked through a gas chromatograph run as a control.
Floral volatile identification by GC-MS analysis
Floral headspace samples were analyzed on a Shimadzu QP2010SE GC-MS system as described by Bera et al. (2015) . A ZB-5 column (30 mÂ0.25 mm i.d., film thickness 0.25 mm) was used for the separation of volatile compounds with helium as a carrier gas. The relative peak area of each volatile component in a chromatogram was calculated as the ratio between peak areas of the component and the internal standards in that chromatogram. For quantitative analyses, standard volatile compounds were used. All the peak areas for each compound were normalized and quantified.
Preparation of protein extract and assay of BEBT
Crude protein extracts were prepared by following D'Auria et al. (2002) with slight modification. Floral tissue (1 g) was homogenized with ice-cold buffer containing 50 mM Bis-Tris-HCl (pH 7.0), 5 mM dithiothreitol (DTT) and 1% polyvinylpolypyrrolidone (PVPP; w/v), and 10% glycerol (v/v). The slurry was squeezed through cheese cloth and then centrifuged at 10,000 r.p.m. for 30 min at 4 C, and the supernatant was collected.
The activity of BEBT was measured according to Sharma et al. (2013) with some modifications (N. N. Kutty et al. unpublished) . The assay mixture contained 250 mM Tris buffer (pH 8), 0.26 mM benzoyl-CoA, 8.5 mM benzyl alcohol and 100 mg of concentrated protein extract. Dithio-bis-nitrobenzoic acid (DTNB) was added in the stopped reaction, and the absorbance was measured at 412 nm.
Preparation of protein extract and assay of TPS
Extraction and assay of TPS were carried out according to a published protocol (Irmisch et al. 2012 , Bera et al. 2017 ) with slight modification. The total assay was carried out with a 250 ml reaction volume containing HEPES buffer (30 mM), DTT (5 mM), MgCl 2 (40 mM), geranyl pyrophosphate (GPP; 50 mM) and protein extract (100 mg). After topping up with 250 ml of hexane, the reaction mixture was incubated for 30 min at 30 C. Finally, the reaction was maintained at 45 C for another 15 min with gentle shaking at 400 r.p.m. The hexane layer was then collected and concentrated by purging with nitrogen gas, and analyzed by GC-MS for detection of the product formed.
Isolation and cloning of core cDNA fragments of PAL and DXR Total RNA pools from 100 mg of floral tissue were isolated from different developmental stages of P. tuberosa independently with TRIsure TM solution (Bioline) according to the manufacturer's protocol. Oligo(dT) 18 primed reverse transcription was done using 2 mg of extracted total RNA at 42 C with RevertAid TM M-MuLV reverse transcriptase (Fermentas GmbH). Using Taq DNA polymerase (Fermentas), core cDNA fragments were amplified with degenerate primer 1 and primer 2, primer 3 and primer 4, and primer 5 and primer 6 to isolate core cDNA fragments of PAL, DXR and Actin core cDNA, respectively (Supplementary Table S1 ). Primers 1 and 2 were designed from conserved regions of plant PAL available in a public database (Moon and Mitra 2016) . Primers 2 and 3 were designed from conserved regions of plant DXR as reported by Souret et al. (2002) . Primers 5 and 6 were derived directly from the nucleotide sequence of Narcissus tazetta var. chinensis available at the NCBI databank (JN204912.1). The PCR cycles with degenerate primers were carried out as described earlier by Bera et al. (2017) . Amplified products were separated by electrophoresis using a 1% agarose gel. The bands were stained with ethidium bromide and extracted from the gel using a QIAquick gel extraction kit (Qiagen). After purification, the cDNA fragments were cloned into pGEM Õ -T Easy vector (Promega) as per the manufacturer's protocol, and finally sequenced by Eurofins Genomic India Pvt Ltd.
Expression studies of PAL and DXR genes Expression of PAL and DXR genes of P. tuberosa was studied at 32 different time points of the total floral lifespan starting from pre-anthesis to post-anthesis. Total RNA (2 mg) was served as template for semi-quantitative RT-PCR as discussed before. Gene-specific primers were designed from core cDNA fragments isolated earlier, i.e. primer 7 and primer 8, primer 9 and primer 10, and primer 11 and primer 12 for PAL, DXR and Actin, respectively (Supplementary Table S1 ). Desired fragments of coding sequences of those three genes were amplified using gene-specific primers to determine the relative density of transcript accumulation. Actin served to normalize the RT-PCR result. PCRs for PAL were performed under the following conditions: 94 C for 3 min followed by 24 cycles of amplification (94 C for 45 s, 46 C for 45 s, 72 C for 1 min) and by final extension 72 C for 10 min. Similar PCR conditions were used for amplification of DXR and Actin, except that the annealing temperature was 49.7 and 47.0 C, respectively. After amplification, the PCR product was separated on a 1% agarose gel followed by ethidium bromide staining and photographed using the ENDURO TM GDS Gel Documentation System (Labnet International). ImageJ software was used to compare changes in the expression level of PAL and DXR relative to that of Actin. All PCRs were replicated at least three times using firststrand cDNA of at least three independent RNA preparations, and representative gel pictures are shown.
Light microscopy
For histochemical localization, free-hand sections were made with flower tepals of the appropriate stage (during maximum scent-emitting capacity) and subsequently stained. Three sets of sections for each test were placed on microscopic slides and examined using a Leica DM2500 LED microscope and photographed by using a Leica DFC7000T camera with a Leica LAS X software platform.
To detect the location of osmophores or scent-emitting areas, fresh flowers of different stages were detached from the plant at the same time of day and immersed in an aqueous neutral red solution (0.1%, tap water) for 6-8 h (Vogel 1962) . The flowers were observed under a Dewinter Zoomstar IV stereo microscope. The peeled surfaces of stained tepal portions were also observed under a compound microscope as specified above.
Transverse sections of fresh material were dyed with Sudan red, toluidine blue and NaDi stains. A saturated solution of Sudan red was made in 70% ethanol. Fresh transverse sections were rinsed with 50% ethanol, stained for 5-20 min and again rinsed with 70% ethanol before microscopic observation (Jensen 1962) . Free-hand sections were also stained with 0.1% toluidine blue for light microscopic study (Sakai 1973) . Fresh sections were placed for 15-30 min in NaDi stain, i.e. a freshly made mixture of 0.001% 1-naphthol, 0.001% N,Ndimethyl-p-phenylenediamine dihydrochloride and 0.4% ethanol in 100 mM sodium cacodylate-HCl buffer (pH 7.2), and observed under a light microscope as mentioned above (Kromer et al. 2016 ).
Scanning electron microscopy
Tissue samples of P. tuberosa were cut from different areas of a fresh flower, i.e. petaloid tepal, tepal tube, stigma and anther. Tissues were collected from different stages of development. Both the adaxial and abaxial surfaces were studied. Fresh tissue was immediately fixed in 4% glutaraldehyde in 0.1 mol l
À1
Tris-HCl (pH 8.0) for 1 h and dehydrated in an ethanol series (Effmert et al. 2005) . After critical-point drying and sputter coating with gold, samples were studied using a JEOL-JSM5800 scanning electron microscope.
Transmission electron microscopy
Dissected floral parts at different developmental stages were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 24 h at 4 C. Next day, tissues were washed with buffer and post-fixed with 1% osmium tetraoxide in 0.1 M cacodylate buffer (pH 7.4) for 1 h at room temperature. Ultrathin sections (70 nm) were cut using an ultramicrotome (Leica Ultracut UCT fitted with EM FCS) and were stained with 1% uranyl acetate and lead citrate for 1 h, dehydrated with an ethanol series and embedded in Spurr's resin according to a modified method of Kowalkowska et al. (2012) . These ultrathin sections were viewed under a Tecnai transmission electron microscope using a multihole grid.
Statistical analysis
For each experiment, data are presented from two independent biological experiments with 2-3 technical replicates each. Results are represented as the mean ± SD of independent measurements (n = 5) and a difference was considered statistically significant when the P-value was 0.05. The means were compared using one-way ANOVA followed by Duncan's multiple range tests.
Supplementary data
Supplementary data are available at PCP online. 
